Aim: This subgroup analysis of a 12-week randomized, double-blind, and two-center trial aimed to evaluate whether two different toothpaste formulations can differentially modulate the dental microbiome.
| INTRODUC TI ON
The initiation and progression of caries and periodontitis, the most prevalent diseases of mankind, are closely associated with the establishment of disease-promoting bacterial biofilms on tooth surfaces. 1, 2 Their efficacious mechanical removal by properly performed oral hygiene therefore is generally regarded to be essential for predictable disease prevention. 3 Furthermore, reduction in existing cleaning deficits by structured hygiene training instructions is an indispensable necessity. However, as approximately 30%-60% of health information is forgotten within one hour 4 
and
as not all affected patients may even have access to professionally guided oral hygiene training, antimicrobial agents are often added as toothpaste ingredients to level out insufficient mechanical cleaning efficacy. Their anti-inflammatory efficacy in the treatment of gingivitis has been recently reviewed. 5 The combination of amine fluoride and stannous fluoride (AmF/SnF 2 ) showed antimicrobial and plaque-reducing, that is, anti-adhesive properties against in situ oral biofilms grown on intraoral splints. 6 Likewise, studies with hydroxyapatite (HA) containing oral care products reported anti-adhesive effects 7 , but observed no specific antimicrobial effects of the hydroxyapatite particles in situ. 8 To evaluate those different formulations under clinical conditions, a randomized controlled study was conducted with stage I and II periodontitis patients 9 using either a HA-or an AmF/SnF 2 -containing toothpaste for 12 weeks while receiving periodontal therapy. 10 Results of this study showed no differences between toothpastes in reducing the visible plaque on teeth or interfering with the de novo plaque formation. However, in this study, only quantitative plaque parameters were evaluated, so it remains open, if there are any compositional changes of bacteria within the dental plaque microbiome during the 12-week study period.
Therefore, the objective of this study was to explore the composition of the whole microbiota in plaque samples taken by Harks et al 10 using Illumina 16S rDNA sequencing to evaluate whether the previous observed similarity regarding quantitative plaque parameters between the two tested toothpastes (HA and AmF/SnF 2 ) can also be found for the qualitative composition of the microbiota during periodontal therapy. Inclusion criteria were pocket probing depths (PPD) of ≥4 mm at a minimum of four teeth (except third molars). Age ≥18-75 years.
| MATERIAL AND ME THODS

| Patient cohort
Patients must have had at least 10 natural teeth (except third molars) and were nonsmokers. Exclusion criteria were known systemic diseases that may influence the periodontal conditions and also regular consumption of drugs that may interfere with periodontal conditions. Patients undergoing or requiring extensive dental or orthodontic treatment, were pregnant or breastfeeding were also excluded from the study. Furthermore, patients undergoing professional periodontal therapy during the 6 months prior to baseline and patients with periodontal pockets ≥6 mm in more than two sextants were excluded. The study was approved by the Ethics Committee of the Medical Faculty of the University of Wuerzburg, Germany (file # 2/11), and all participants gave their written informed consent. In this sub-analysis, for each sequencing run, at least 10 patients from the study collective were selected consecutively. We conducted after each run an intermediate analysis according to the statistical analyses described below. Because between the 3rd and 4th sequencing run, no additional changes in outcomes were detected, we did not sequence the remaining patients from the full study because we did not expect any further changes.
| Study design
At baseline, clinical periodontal examinations were done and the blinded toothpastes were dispensed. Patients received either a zinc-substituted carbonated hydroxyapatite dentifrice (HA group, BioRepair, Wolff, Bielefeld, Germany) or a dentifrice containing an amine fluoride/stannous fluoride (AmF/SnF 2 group, Meridol, CP GABA, Hamburg, Germany) with no further oral hygiene instructions.
Thereafter, strict supragingival debridement was performed, as described previously. 10 After 4 weeks, mechanical periodontal therapy was performed according to the at baseline recorded clinical measurements. All patients were advised to keep brushing their teeth exclusively with the originally provided toothpaste. Twelve weeks after baseline, that is, 8 weeks after periodontal therapy, clinical examinations were repeated and the study was ended ( Figure 1 ).
| Sampling procedures
Four sample teeth were selected randomly and equally distributed throughout the mouth, as described previously. 10 Alternating, the most distal or the most mesial tooth in each quadrant with at least 1 site with PPDs of ≥4 mm was selected randomly for sampling. This was done to ensure a homogenous distribution of diseased sampling teeth in each patient. Samples were taken with sterile paper points 
| DNA extraction, 16S rDNA amplification, and amplicon sequencing
Bacterial genomic DNA was isolated and purified with the QiaAmp Mini DNA-Isolation Kit (Qiagen, Hilden, Germany), as described previously. 11 Library preparation was performed with two rounds of amplification following the 16S metagenomics sequencing library 
| 16S rDNA sequence processing
Amplification primers were removed with Cutadapt v.1.8.1 12 and reads that did not contain at least 10 bases of the adapter sequence or had an error rate above 0.2 in the adapter region were removed. Primer trimmed reads were submitted to the European Nucleotide Archive Institute under the study accession number PRJEB28345 (Table S1 ).
Trimmed (raw) reads were then processed using the R language environment v.3.5.0 13 and RStudio v.1.1.447 14 , following the DADA2 v.1.8.0 workflow described by Callahan et al. 15 Applied pipeline settings were explained in detail, before. 11 Briefly, forward reads were truncated at position 260 and reverse reads at 190 onwards. Reads were denoised and those overlapping at least 15 bp were merged with no mismatch allowed. Ribosomal sequence variants (RSVs) were taxonomically assigned using a naive bayesian classifier and the Silva v.128 training set. 16 If such genera included species described by Sokransky et al 25 , this genus was allocated to the given complex, as previously described. 11 All figures were created with the R-package ggplot2. 26 
| RE SULTS
| Demographical and clinical variables at baseline
The mean age of the study subpopulation was 54.86 ± 10. Wuerzburg; P = 0.758, Fisher's exact test) were found. Moreover, no noticeable differences of the clinical and inflammatory variables were observed between both groups before therapy (Table 1 ).
| Bioinformatical preparation of plaque samples
Out of 369 plaque samples initially processed, 10 samples did not satisfy quality criteria. These samples were re-introduced into an additional sequencing run, and the reads from repeated runs were merged.
After repetition and merging, only two samples showed total read counts below 10 000 reads (9812 and 4204). However, those two samples were not excluded from further analysis because their saturation in rarefaction curves suggested sufficient sequencing depth.
| Site-specific composition of aRSVs at baseline and after 4 and 12 weeks
After processing the raw reads with DADA2, 6387 non-chimeric unique RSVs were found over all samples. By removing all RSVs occurring only in two or less samples, this number was reduced to 2993 RSVs. Tree-based agglomeration of the remaining RSVs 
| Alpha and beta diversity at baseline
Alpha diversity showed noticeable center and site effects at baseline (ANOVA; center: P = 0.025 and site: P < 0.001 Figure 3 ). Regarding beta diversity, there was a noticeable site effect (ANOVA site: P < 0.001), but no group or center effects at baseline (ANOVA group: P = 0.466, center: P = 0.577) (Figure 4 ). +2.55 ± 15.74 norm aRSVs, P = 0.242) ( Figure 3 ).
| Alpha and beta diversity changes before and after periodontal therapy
Beta diversity did also not change noticeably differently in the test and control group 4 weeks before therapy (ANCOVA for buccal/lingual: P = 0.453; interproximal: P = 0.409; subgingival: P = 0.771) and 8 weeks after periodontal therapy (ANCOVA for buccal/lingual: P = 0.262; interproximal: P = 0.759; subgingival: P = 0.157) ( Figure 4) . All time-dependent differences were analyzed for each site separately while controlling for the cofactor center to adjust for the reported baseline differences in alpha and beta diversity.
| D ISCUSS I ON
In this study, we used the Illumina MiSeq technology with paired-end 300 bp sequencing reads to analyze the influence of anti-adhesive HA compared to anti-adhesive and antibacterial AmF/SnF 2 on the buccal/lingual, interproximal, and subgingival microbiomes of 41 untreated stage I-II periodontitis patients during periodontal therapy.
We found no noticeable differential modulation of alpha or beta diversity and on single aRSV level between both tested toothpastes.
Nevertheless, we found microbial differences along habita- 2) are plotted on the x-and y-axes, respectively. The percentage of variation explained by the plotted principal coordinates is indicated on the axes expected to be highly accessible for daily oral hygiene, the supragingival interproximal sites, expected to be poorly accessible for daily oral hygiene, and also, at subgingival sites expected to be not accessible for daily oral hygiene. Interestingly sub-and interproximal sites harbored similar proportions of Fusobacterium and Prevotella previously associated with periodontitis 25 (Figure 2) . These sites differed to the buccal/lingual sites that contained mainly Streptococcus, Veillonella, and Rothia previously associated with periodontal health. 25 Those findings are partly supported by the study of Simon-Soro et al 27 who further distinguished lingual from buccal sites.
They used 500 bp 454 pyrosequencing and found that especially
Streptococcus was highly prevalent at exposed buccal and nearly absent in more covered lingual sites. Intra-individual differences between lingual, buccal, and oral mucosa were also found using 400 bp 454 pyrosequencing and Illumina HiSeq 2500. 28 Here regardless of tissue type (mucosal, palatal, dental), surface-associated bacterial communities varied along an ecological gradient from covered to more exposed surfaces. Taken this together, the limited access of oral niches might influence the microbiome composition and improvement of homecare daily plaque removal.
| No differential effects on microbiota composition between the tested toothpastes before periodontal therapy
Hydroxyapatite particles that adhered to oral bacteria have been firstly visualized in saliva samples of subjects using HA-containing oral care products in an in situ study with intraoral splints. 7
Furthermore, a solution of pure HA particles reduced the thickness of the plaque on intraoral splints equivalent to chlorhexidine digluconate. Interestingly, live/dead staining suggested that those HA-coated bacteria stayed alive, so it could be assumed that HA particles themselves have only anti-adhesive and no antimicrobial properties. 8 However, our tested HA product also contained zinc, surfactants, and preserving agents that are potential antimicrobial agents. 10, 29 Thus, the final mode of action of the tested HA toothpaste is still not conclusively clarified, and to our best knowledge, this is the first study evaluating the effect of a HA-containing toothpaste on bacterial community composition at different dental sites before and after professional periodontal therapy.
In the first part of this study from baseline to 4 weeks, patients received the blinded toothpastes without further oral hygiene instructions in an "over-the-counter model" to observe a possible differential effect in microbiome modulation between the toothpastes alone. However, alpha and beta diversity did not change noticeably differently between both groups (Figures 3 and 4 ). Furthermore, also on aRSV level, no differential change between the two tested toothpastes was found. These findings are corroborated by quantitative microbial results from our previous clinical study. 10 Here, no differential effects between HA and AmF/SnF 2 on the ratio of aerobic/anaerobic culture colony forming units were observed between baseline and 4 weeks. Additionally, we found no intra-group effects on tested microbiome parameters after 4 weeks in the HA as well as in the AmF/SnF 2 group (Figures 3 and 4 ). This observation is also supported by another microbiota-based study by Huang et al. 30 Here, a decrease in alpha and beta diversity was found only, after applying additionally an AmF/SnF 2 -containing mouthwash together with the AmF/SnF 2 toothpaste. 30 Although the fluoride ion of AmF/SnF 2 itself has only limited antimicrobial effects, it has been proposed that the amine portion of AmF possesses surface-active properties and can prevent bacterial adhesion as well as inhibit bacterial growth. 31 Metal salts can be bactericidal against oral bacteria and also possess anti-plaque activity and can inhibit bacterial enzymes. 29 
| No differential effect between both toothpastes after mechanical periodontal therapy
In the second part of this study, patients were advised to keep using the given toothpastes for 8 weeks after mechanical periodontal therapy to observe potential differential effects during the recolonization of bacteria after therapy. While in Harks et al 10 the visible plaque on teeth was reduced after periodontal therapy in both toothpaste groups, in our study, beta and alpha diversity remained largely unchanged after periodontal therapy (Figures 3 and 4 ). This is supported by similar findings of previous microbiota-based studies. 11, [36] [37] [38] However, those studies did not include different toothpaste formulations. Other studies found qualitative microbiota changes after periodontal therapy at very favorably responding sites. 39, 40 According to our pooled and randomized sample strategy, we cannot separate the individual well responding from non-responding sites, but moreover give insights into the global changes of the individual microbiota. Furthermore, these findings suggest that mechanical periodontal therapy might be able to reduce the total bacterial load, but not always induce a global compositional microbiome change in every patient. Alternatively, microbiome changes might represent primarily habitational changes, that is, decreasing pocket depth after periodontal therapy. Therefore, those changes would be more pronounced at initial deep sites, which were not investigated by our study. Irrespective of using solely anti-adhesive or anti-adhesive and antimicrobial agents in toothpastes, patients were clinically successfully treated. 10
| Limitations
When interpreting results of this study, the following limitations should be considered. No negative control toothpaste group without any measurable effect on bacteria was included. Therefore, we cannot assess the extent of the antimicrobial or anti-adhesive effect for each toothpaste alone. The patient population was older than patients from the referenced toothpaste/rinsing studies above. And our patients were already performing adequate oral hygiene and had only limited signs of gingival inflammation. Furthermore, by including only patients with mild to moderate periodontitis, the observed improvements of pockets and plaque parameters are expected to be lower; therefore, habitational changes were moderate. This might have an influence on detecting changes in microbiome composition, after therapy. The known center effect from the main study 10 was also observed in alpha diversity in this study and had to be considered statistically as a confounding cofactor. Additionally, DESeq2 does not allow to include random effects in the aRSV level analysis, for example, to account for dependencies between multiple samples from the same patient.
| CON CLUS ION
The use of a toothpaste containing anti-adhesive HA did not induce noticeably different changes on microbial composition compared to anti-adhesive and antimicrobial AmF/SnF 2 . Within the limitations of this study, our results suggest that the tested antibacterial and antiadhesive ingredients have similar impact on the dental microbiome during periodontal therapy.
